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ABSTRACT
We extend the source sample recently observed by the Breakthrough Listen Initiative by
including additional stars (with parallaxes measured by Gaia) that also reside within the
FWHM of the GBT and Parkes radio telescope target fields. These stars have estimated
distances as listed in the extensions of the Gaia DR2 catalogue. Enlarging the sample from
1327 to 51349 stellar objects allows us to achieve substantially better Continuous Waveform
TransmitterRate Figures ofMerit (CWTFM) than any previous analysis, and permits us to place
the tightest limits yet on the prevalence of nearby high-duty-cycle extraterrestrial transmitters.
The results suggest . 0.07% of stellar systems within 50 pc host such transmitters (assuming
an EIRP & 1013 W) and . 0.04% within 200 pc (assuming an EIRP & 2.5 × 1014 W). We
further extend our analysis to much greater distances, though we caution that the detection
of narrow-band signals beyond a few hundred pc may be affected by interstellar scintillation.
Our results suggest targeted analyses of SETI radio data can benefit from taking into account
the fact that in addition to the target at the beam centre, many other cosmic objects reside
within the primary beam response of a parabolic radio telescope. These include foreground
and background galactic stars, but also extra-galactic systems. With distances measured by
Gaia, these additional sources can be used to place improved limits on the prevalence of
extraterrestrial transmitters, and extend the analysis to a wider range of cosmic objects.
Key words: Astronomical instrumentation, methods and techniques – Astrometry – Stars:
general – radio continuum: general
1 INTRODUCTION
The Breakthrough Listen Initiative (Worden et al. 2017) has re-
cently conducted a state-of-the-art SETI (Search for Extraterrestrial
Intelligence) survey of nearby stars, all of which are located within
50 pc of the Earth (Enriquez et al. 2017; Price et al. 2020). The aim
is to detect or place limits on the incidence of artificial transmitters
of extraterrestrial origin. More specifically, the search focuses on
the detection of very narrow-band radio signals (. few Hz in width)
which are not known to be generated by any natural, astrophysical
processes.
The initial target list of nearby stars was defined by Isaacson
et al. (2017), comprising a broad sample of 1709 nearby main-
sequence stars. A sample of 692 of these stars was first observed
by Enriquez et al. (2017) with the Green Bank 100-m Telescope
(hereafter GBT) using the L-band receiver (1.1-1.9 GHz). Each tar-
get star was observed for 3 scans each of 300 seconds in length,
interspersed with 300 second scans of a variety of off-source sec-
ondary fields. The latter were chosen to lie well beyond the primary
? E-mail: bart.wlodarczyk-sroka@postgrad.manchester.ac.uk
beam and side lobe response of the GBT in the target fields. This
"ON-OFF" observing strategy serves to reduce the number of false
positives (e.g. terrestrial radio frequency interference) - in partic-
ular, an extraterrestrial signal associated with a nearby star should
only appear in the data associated with the three target (ON) scans
but not in the offset (OFF) scans. Due to the high prevalence of RFI
(Radio Frequency Interference) encountered in the data, even while
employing the ON-OFF observing strategy, candidate "events" were
limited in the first instance to a signal-to-noise ratio (SNR) > 25.
One characteristic of a narrow-band signal that helps to distinguish
between fixed i.e. terrestrial transmitters and extraterrestrial trans-
mitters is that the latter are expected to drift in frequency due to the
relative motion of the observer and transmitter. However, since this
drift rate is unknown, a large range of trial drift rates must also be
applied to the data during the search procedure.
Enriquez et al. (2017) conducted a thorough analysis of the
data, employing a Doppler drift rate of ±2 Hz s−1, and identifying
11 events that were considered to be potential candidates. A more
detailed analysis of each event, however, indicated that they were
consistent with known examples of human-generated RFI. They
concluded that none of the 692 target stars hosted high duty cycle
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(continuous) transmitters, operating between 1.1-1.9 GHz with an
Equivalent IsotropicRadiated Power (EIRP) in excess of 1013Watts.
In addition, Enriquez et al. (2017) suggested that this implied that
less than ∼ 0.1% of stellar systems within 50 pc possess these types
of powerful transmitters.
Price et al. (2020) made a substantial improvement on the
results of Enriquez et al. (2017), by lowering the SNR of the original
analysis to > 10, thus improving the limiting sensitivity (EIRPmin)
of the survey by a factor of 2.5. Price et al. (2020) also increased the
number of target stars observed with the GBT at L-band to 882, and
added new observations of 1005 stars with the GBT at S-band, and
189 stars with the Parkes Telescope also at S-band. This increased
the total number of individual stars observed to 1327. Conducting a
similar analysis to Enriquez et al. (2017), they concluded that none
of these stars hosted a high duty cycle transmitter with an EIRP in
excess of 2.1×1012 W at L- and S-band using the GBT or in excess
of 9.1 × 1012 W using Parkes. These are by far the most sensitive
and thorough SETI observations conducted to date, and represent
the first steps towards a final Breakthrough Listen survey goal of
observing 1 million of the nearest stars.
Clearly the number of stars surveyed is an important factor in
any SETI survey figure of merit. Traditionally, SETI researchers
usually consider observations made by large radio telescopes to
be solely targeting individual stars in the centre of the field. This
simplifies the analysis but the reality is certainly otherwise - a
parabolic radio telescope is sensitive to an area of sky that goes well
beyond the confines of any particular central target star, covering an
area that includes a large number of background stars (and even a
significant number of foreground stars). These are locatedwithin the
full width at half maximum (FWHM) of the primary beam response
of even the largest radio telescopes such as the GBT and Parkes.
Until now, the impact of these foreground and background stars has
largely been ignored, partly because the distances to these stars was
typically unknown.
TheGaiamission (Gaia Collaboration et al. 2016) has enabled
amore detailed analysis, sincemany stars that fall within the primary
beam of theGBT and Parkes havemeasured parallaxes and therefore
inferred distances. With this information, it is possible to do a much
better job, increasing the number of stars formally surveyed in terms
of both relatively nearby (< 50 pc) and in particular, more distant
stellar systems (> 50 pc). In short, we can greatly improve limits on
the incidence of nearby high duty cycle (continuous) transmitters,
as well as those that might be located at much larger distances.
In this paper, we extend the Breakthrough Listen (BL) analysis
of Enriquez et al. (2017); Price et al. (2020) to include an additional
50034 stars that are located within the FWHM of the GBT and
Parkes telescope primary beams, in addition to 1315 stars from the
original target sample. Section 2 describes how we define our new
and enlarged sample of stars based on an interrogation of the Gaia
archive. We also present some details of the main characteristics
of the enlarged sample. Section 3 presents a new analysis of the
Continuous Waveform Transmitter Rate Figure of Merit (CWTFM)
of Enriquez et al. (2017); Price et al. (2020), permitting us to place
much stronger limits on the prevalence of powerful transmitters
located in our own Galaxy - both within 50 pc and beyond. In
Section 4 we summarise the results and draw our conclusions.
2 EXTENDING THE BREAKTHROUGH LISTEN
SURVEY SAMPLE
A parabolic radio telescope is sensitive to emission across the re-
sponse of its full primary beam. At the FWHM (full width at half
maximum), the sensitivity of the telescope falls to 50% of its max-
imum value at the centre of the beam which is usually synonymous
with the pointing centre/target source position. Breakthrough Listen
observations, and indeed SETI observations in general, are sensitive
not only to a list of formal survey targets but also other objects in
the telescope field of view.We can place much more stringent limits
on the incidence of SETI signals, by taking this fact explicitly into
account, extending samples like the Breakthrough Listen survey of
nearby stars by factors of almost 40. To fully implement and capi-
talise on this approach, the distance to these additional stars must
also be known.
We have extended the original survey sample of Price et al.
(2020) by including stars that fall within the FWHM of the pri-
mary beams of the GBT L-band, GBT S-band and Parkes 10-cm
radio telescope receivers. The stars have also been chosen such that
they have parallaxes (and hence inferred distances) measured by
Gaia, and included in its second data release (hereafter Gaia DR2).
In order to avoid introducing distance-related biases, we used the
external Gaia DR2 "geometric distance" catalogue presented by
Bailer-Jones et al. (2018) to obtain distance measurements to the
sources in our extended sample, and subsequently restricted the
sample to include only those stars within 10 kpc and with a frac-
tional distance uncertainty of less than 1/3. The FWHM of the GBT
L-band and GBT S-band receivers were estimated to be ∼ 8.4 and
∼ 5.5 arc minutes respectively by applying the edge taper calcula-
tions presented in the Green Bank Observatory Proposer’s Guide1.
The FWHM of the Parkes 10-cm receiver was estimated to be 6.4
arc minutes from the Parkes User’s Guide2. Note that the FWHM of
the primary beam is dependent on the observing frequency. Since
both the GBT and Parkes observe over a finite band, the FWHM
presented here and used in our subsequent analysis is calculated for
the central frequency of the observations, and represents an average
across the band.
Fig. 1 presents an optical image of the field around HIP65343,
one of the original target stars observed by Price et al. (2020). In
addition to the target at the centre of the field, 27 other stars with
distances measured by Gaia are located within the FWHM of the
GBT primary beam at L-band. It should be noted that a few extended
objects (likely to be relatively nearby galaxies) also lie within the
telescope’s field of view.
2.1 Gaia archive results
Gaia is an ESA space observatory designed to perform accurate
astrometry of stars in the Milky Way. Launched in 2013, the main
goal of the mission is to create the largest and most precise 3D map
of our Galaxy to date, surveying over 1 billion galactic stars in the
process (Gaia Collaboration et al. 2016). We have used the online
Gaia archive to probe Gaia’s second data release (Gaia Collabora-
tion et al. 2018a) to identify stars that have measured parallaxes and
are located within the FWHM of the various radio telescope beams
of the Breakthrough Listen surveys. Our list of target field coor-
dinates was drawn from the online supplementary tables of Price
1 https://www.gb.nrao.edu/scienceDocs/GBTpg.pdf
2 https://www.parkes.atnf.csiro.au/observing/
documentation/users_guide/html/pkug.html
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Figure 1. An optical colour image of the stellar field centred on HIP65343 from the Pan-STARRS DR1 z and g broadband filters, showing the extent of the
FWHM for the GBT L-band and GBT S-band receivers, circled in red and blue respectively. Stars detected by Gaia are marked with blue crosses and those
with geometric distances inferred from parallax measurements are marked with red crosses.
et al. (2020). These positions were split across a number of data
files in order to prevent client timeout issues associated with the
large sample size, and uploaded to the Gaia archive search engine.
We set the search radius to 6.75 arc minutes (well over 1.5 times
the FWHM of the GBT at L-band, the receiver with the widest field
of view used in the Breakthrough Listen survey to date) in order
to have some initial flexibility in defining a complete sample. Stars
outside of the FWHMs were later discarded in terms of the analysis
presented here.
The resulting source sample was cross-matched against the ge-
ometric distance catalogue presented by Bailer-Jones et al. (2018).
To ensure the sample was robust and reliable, we required that the
fractional error in the geometric distance calculations did not exceed
1/3. We also calculated the minimum detectable EIRP (EIRPmin)
for each star, assuming a normalised sinc squared function for
the changing response of the telescope beam across the field. The
EIRPmin associated with each star therefore takes into account not
only its distance but also its offset from the telescope pointing po-
sition (centred on the original target star). A definitive sample of
51349 unique sources was established (including 1315 stars from
the original Breakthrough Listen sample used by Price et al. (2020))
with distances ranging from 1.30-9957.90 pc. We note that the ex-
tended sample is a factor of ∼ 39× larger than the original sample.
Table 2 presents a representative list of the extended source sample
and associated Gaia measurements and EIRPmin values3.
We were initially surprised that not all of the Breakthrough
Listen stellar sample have cross-matched sources in the Gaia DR2
catalogue, even after a careful manual analysis. It turns out, that
while the Gaia survey is essentially complete for apparent magni-
tudes between G = 12 and G = 16, there is a reduction in com-
pleteness for brighter stars with G . 7, and that most stars with
G . 3 are missing from the Gaia DR2 catalogue (Luri et al. 2018).
Similarly, Luri et al. (2018) further acknowledge that around 20%
of stars with proper motions& 0.6 arcsec yr−1 also remain missing
from the catalogue. Since the Price et al. (2020) sample is populated
with bright, nearby stars, often with large proper motions, 79 targets
from their sample have no counterpart in theGaiaDR2 catalogue. In
addition, Isaacson et al. (2017) chose to regard binary systems with
separation < 2 arcsec as single targets in their sample, in addition to
3 The full table is available on the online version of this paper.
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Figure 2. G-band mean absolute magnitude plotted against source distance for the targets used by Price et al. (2020) (green crosses) and the corresponding
additional sources from our extended sample (marked as WG&S targets, red crosses), out to a distance of 10 kpc.
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Figure 3. G-band mean absolute magnitude plotted against source distance for the targets used by Price et al. (2020) (green crosses) and the corresponding
additional sources from our extended sample (marked as WG&S targets, red crosses), out to a distance of 1 kpc.
other double and multiple stars that were considered to constitute a
single target pointing in the samples of both Enriquez et al. (2017)
and Price et al. (2020). However, Gaia spatially resolves many of
these systems and this leads to issues in directly cross-matching a
number of targets from Price et al. (2020) to singular and unique
counterparts in the Gaia DR2 catalogue. Only those targets from
Price et al. (2020) that could be directly matched to a single Gaia
DR2 source are plotted as "Price targets" in the figures presented in
this section.
Fig. 2 presents the original and extended samples, plotting each
star’s G-bandmean absolute magnitude as a function of distance out
to 10 kpc. Fig. 3 presents the same data with a limiting distance of
1 kpc. The choice of fields containing stars at distances < 50 pc
in the original nearby stellar sample of Price et al. (2020) biases
the extended sample - an average Gaia field contains a much lower
fraction of nearby stars. This can be clearly seen in Fig. 3 - the high
density of stars < 50 pc and the corresponding reduced density in
the number of stars located at distances ∼ 50 − 100 pc is clearly
seen. The relatively high density of stars < 50 pc is also seen in
the additional source sample, since as noted earlier, many of the
original targets are actually binary or multiple stellar systems.
Fig. 4 is a histogram showing the number of sources in each
10 pc bin. A histogram with 1 pc bins only showing sources with
distances < 1 kpc is shown in Fig. 5; the lower number density of
sources at distances ∼ 50 − 100 pc is also clearly visible in this
figure. Once again, the relatively high density of stars < 50 pc is
also seen in the additional source sample due to the prevalence of
binary or multiple stellar systems in the original sample.
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Figure 4. Number of sources in each 10 pc distance bin plotted against source distance for the targets used by Price et al. (2020) and the corresponding
additional sources from our extended sample (marked as WG&S targets), out to a distance of 10 kpc.
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Figure 5.Number of sources in each 1 pc distance bin plotted against source distance for the targets used by Price et al. (2020) and the corresponding additional
sources from our extended sample (marked as WG&S targets), out to a distance of 1 kpc.
There is one source, HIP1692, included in the Isaacson et al.
(2017) 5-50 pc sample which also featured in the sample used by
Price et al. (2020). They assume a distance of 23.0 pc, a value
calculated from its parallax as presented in the original 1997 Hip-
parcos main catalogue (Perryman et al. 1997). However, both the
2007 Hipparcos "new reduction" catalogue (van Leeuwen 2007)
and the data from Gaia DR2 revealed it to be much further away,
with parallaxes quoted for the Hipparcos and Gaia data sets result-
ing in distances of 310.56 pc and 769.37 pc respectively, while the
geometric distance calculation of Bailer-Jones et al. (2018) reports
a distance of ∼ 752.61 pc. We kept this target in our extended sam-
ple with the estimated geometric distance from Bailer-Jones et al.
(2018) assumed - it can be clearly seen in Fig. 2 and 3 as an outlier
of the Price et al. (2020) sample.
2.2 Characteristics of the extended sample
The Isaacson et al. (2017) Breakthrough Listen target sample was
selected by including all stars located within a distance of 5 pc
contained within the Gliese and RECONS catalogues, and aimed
to achieve a broad sampling of stars from the Hipparcos catalogue
at distances between 5 and 50 pc. This was achieved by defining
domains in B-V colour and V-band magnitude, along the entire
length of the main sequence and selecting the 100 nearest stars
from each domain. In addition to themain sequence targets, a further
100 stars in the 5-50 pc range were selected from another domain
constructed to cover giant and sub-giant stars. Price et al. (2020)
observed a selection of stars from this sample with the Green Bank
and Parkes radio telescopes, aswell as a small number of starswithin
MNRAS 000, 1–11 (2020)
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Figure 6.Hertzsprung-Russell diagram of the 49664 individual sources with available G-band absolute magnitude and BP-RP colour values from our extended
sample (marked asWG&S targets) plotted as red points. 1235 targets from the original Breakthrough Listen sample of Price et al. (2020) that were cross-matched
to a single Gaia DR2 source are plotted as green points.
5 pc added for improved volume completeness below a declination
of−15°. A total of 1327 primary targetswere selected to be observed
by the GBT and Parkes radio telescopes.
Our extension of this sample by including all stars with dis-
tances measured by Gaia, and also lying within the FWHM of the
GBT and Parkes radio telescopes, removes a significant amount of
bias present in the original Breakthrough Listen sample and analy-
sis. In Fig. 6 an H-R diagram for the extended sample is presented
with the Breakthrough Listen sample (for those with unique coun-
terparts in the Gaia DR2 catalogue) plotted on top. The extended
sample contains a wide variety of stars with different spectral types.
In Fig. 6, hot luminous stars are shown in the upper left of the fig-
ure and cooler faint stars located further towards the bottom right.
The giant branch is well populated by the sample, and there are a
number of white dwarfs also present. Despite applying no filters to
our data, the form of our extended sample in the H-R plot in Fig. 6
is very similar to that presented in Gaia Collaboration et al. (2018b)
(their Fig. 1). This observation suggests that the measurements and
stellar distances associated with the extended sample are robust and
reliable.
Note that the Breakthrough Listen sample is narrowly clustered
around the main sequence and the red giant branch. While one
might question whether stars such as white dwarfs can provide
an environment hospitable to life (shown towards the bottom, left
hand side of Fig. 6), we note the recent detection of debris disks
as well as planets around white dwarfs (Kozakis et al. 2020). The
relatively stable environments around white dwarfs that exist for
billions of years after their initial cooling make them interesting
targets for SETI surveys. We very much prefer this non-biased and
open-ended approach to SETI surveys, as opposed to highly focused
approaches.
3 RESULTS AND DISCUSSION
Drawing from our extended sample, we add 50034 stars to the
sample of 1315 targets taken from the original analysis of Enriquez
et al. (2017) and Price et al. (2020). This increases the number
of stars observed within a distance of 50 pc of the Earth by 211.
Our extended sample of 49823 stars with distances in excess of
50 pc opens up a new range of analysis space for the Breakthrough
Listen survey. Both samples permit us to extend the original limits
placed by Enriquez et al. (2017) and Price et al. (2020) on the the
incidence of powerful transmitters associated with both nearby and
more distant stellar systems.
Enriquez et al. (2017) suggested a new figure of merit for
SETI surveys, and for the Breakthrough Listen Initiative in partic-
ular. This attempts to take into account the limitations of earlier
figures of merit, and includes all the parameters relevant to the fi-
nal Breakthrough Listen 1 million star survey. More specifically,
MNRAS 000, 1–11 (2020)
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Enriquez et al. (2017) and Price et al. (2020) define a Continuous
Waveform Transmitter Rate Figure of Merit (CWTFM) such that:
CWTFM = ζAO
EIRPmin
Nstarsνrel
, (1)
whereEIRPmin is theminimumdetectableEquivalent Isotropic
Radiated Power (EIRP, in W), Nstars is the total number of stars
observed and the fractional bandwidth νrel is the total survey band-
width, ∆νtot, divided by the central frequency, νmid. The normalisa-
tion factor ζAO is based on the performance of theArecibo Planetary
Radar system, such thatCWTFM = 1whenEIRP = LAO = 1013W,
νrel = 1/2 and Nstars = 1000. CWTFM scores with smaller values
(e.g. < 1), represent surveys that are more complete and/or have
better sensitivity.
The EIRP generated by another civilisation depends on the
power of the transmitter, Ptx, and its antenna gain, Gant, such that:
EIRP = GantPtx. (2)
The minimum EIRP that can be detected is then:
EIRPmin = 4pid2Fmin, (3)
where d is the distance to the transmitter, and Fmin is the
minimum flux density that can be detected by the observing system.
At a distance of 50 pc, the EIRPmin for the GBT L-band and S-band
receivers is 2.1 × 1012 W, and for the Parkes 10-cm receiver it is
9.1 × 1012 W (Price et al. 2020).
The initial survey of Enriquez et al. (2017) has a CWTFM
∼ 0.85, while the more extensive surveys of Price et al. (2020) yield
CWTFMs of ∼ 0.11 for the GBT L- and S-band observations and
∼ 8.21 for the Parkes observations. Note that lower CWTFM values
imply a better figure of merit. For comparison, the well known
Project Phoenix survey (Backus & Project Phoenix Team 2002) has
a CWTFM of ∼ 49 (Enriquez et al. 2017).
While the EIRPmin is a simple function of stellar distance for
Enriquez et al. (2017) and Price et al. (2020), with our approach it
depends not only on distance but also the offset of any given star from
the centre of the primary beam.With a large sample of stars spanning
a wide range of distances and different offsets, it makes more sense
to group the stars in shells of increasing EIRPmin. Grouping the
stars in such shells, allows us to obtain CWTFMs of ∼ 0.05 for
the GBT observations and ∼ 1.38 for the Parkes observations (both
for the shells with EIRPmin = 1012 W). In Table 1, we present the
CWTFM figures for our analysis for a number of different EIRPmin
shells.
Following Enriquez et al. (2017), we compare the CWTFM
of past SETI surveys to the Breakthrough Listen survey, and its
extension as described in this paper. In particular, in Figure 7we plot
each surveyâĂŹs EIRPmin versus (Nstarsνrel)−1, or as Enriquez et al.
(2017) refer to it, the Transmitter Rate. As can be seen in Figure 7,
our approach to extending the sample by including other stars in the
field of view of each of the radio telescopes, significantly improves
the limits to be placed on the incidence of powerful transmitters
(see again Fig. 7) associated with both nearby and distant stellar
systems.
Both Enriquez et al. (2017) and Price et al. (2020) find no
evidence for continuous (100% duty cycle) transmitters associated
with the nearby (d < 50 pc) star systems observed. This includes di-
rectional transmitters (e.g. radio beacons) directed at the Earth with
a power output equal to or greater than the brightest human-made
transmitters (e.g. a canonical Arecibo planetary radar-like system
Table 1.CWTFMfigures for the analyses of Enriquez et al. (2017) and Price
et al. (2020), together with our figures for extended sample calculated over
a range of EIRPmin shells.
EIRPmin Number of stars CWTFM
Enriquez GBT 5.2 × 1012 W 692 0.85
Price GBT 2.1 × 1012 W 1213 0.11
Price Parkes 9.1 × 1012 W 189 8.21
WG&S GBT
1 × 1011 W 151 0.04
1 × 1012 W 1185 0.05
1 × 1013 W 1501 0.43
1 × 1014 W 3405 1.91
1 × 1015 W 14834 4.38
1 × 1016 W 39540 16.44
1 × 1017 W 45624 142.47
1 × 1018 W 45675 1423.10
WG&S Parkes
1 × 1011 W 19 0.90
1 × 1012 W 124 1.38
1 × 1013 W 207 8.24
1 × 1014 W 267 63.89
1 × 1015 W 775 220.11
1 × 1016 W 3162 539.49
1 × 1017 W 6606 2582.32
1 × 1018 W 7025 24283.02
with a gain of 70 dB and a transmitter power of ∼ 1 MW). To de-
tect a non-directional isotropically radiating antenna, the transmitter
power must be ∼ 1013 W (around the current energy consumption
of our own civilisation). From their analysis of 692 stars, Enriquez
et al. (2017) conclude that fewer than ∼ 0.1% of the stellar systems
within 50 pc possess these types of transmitters. Our extension of
the Breakthrough Listen survey expands the number of stars within
50 pc to a total of 1526, slightly improving upon this figure to
∼ 0.07%.
However, moving beyond the nearby stellar sample, the total
number of stars in our extended sample increases significantly (see
also Figure 2). This partially compensates for the decrease in survey
sensitivity at these larger distances, permitting us to place very inter-
esting limits on civilisations with powerful transmitters, surpassing
previous studies quite significantly. For example, we conclude that
at 100 and 200 pc, the incidence of star systems with such transmit-
ters is . 0.06% (for an EIRP & 6.5 × 1013), and . 0.04% (for an
EIRP & 2.5 × 1014) respectively.
We note however, that at distances beyond a few hundred pc,
interstellar scintillation (ISS) effects may begin to play a role in the
BreakthroughListen analysis. In particular, the expected broadening
of very narrow-band signals will make them more difficult to detect
at the lowest observing frequencies as they become washed-out
across the observing band e.g. see Cordes et al. (1997); Siemion
et al. (2013). In addition, scintillation can increase but also decrease
the signal’s amplitude, making it intermittent on relatively short
timescales. Since these effects typically scale with ν−2, the higher
frequencyS-band data should not be so badly affected. In any case, at
frequencies of ∼ 1GHz our results beyond 200 pc, i.e. for our shells
withEIRPmin > 1014Wshould be treatedwith some caution. These
are the first shells (in order of increasing EIRPmin) for which stellar
objects at distances& 200 pc begin to form a substantial fraction of
the total sample. We note that any broadband extraterrestrial signals
should not be badly affected by ISS effects.
Naturally, our extended sample only includes a subset of the
total number of galactic stars within the field of view of the GBT
MNRAS 000, 1–11 (2020)
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and Parkes telescopes. If we remove the condition that inferred dis-
tances of Gaia sources should have a fractional error < 1/3, the total
number of stars in the expanded sample increases to 301006 unique
sources within 10 kpc. Since the fractional distance errors become
increasingly significant for sources located at greater distances, the
majority of these additional sources lie at distances well beyond
200 pc. For distances < 200 pc, the effect of relaxing the fractional
errors on the CWTFM figures is rather limited. Indeed, it appears
that the Gaia survey is relatively complete at these distances for
most spectral types (Arenou et al. 2018). Beyond this distance, we
begin to see the effects of the enlarged sample size. For example,
the GBT EIRPmin < 1014 W shell sees an increase in the total num-
ber of stars from 3405 to 3900, corresponding to CWTFM figures
improving from ∼ 1.91 to ∼ 1.67. Since most of the stars added
are at distances > 150 pc, we calculate that fewer than ∼ 0.04%
of stellar systems within 200 pc host continuous extraterrestrial
transmitters with an EIRP & 2.5 × 1014 W, fewer than ∼ 0.003%
of stellar systems within 1 kpc host such transmitters with an EIRP
& 7.2×1015 W, and fewer than∼ 0.0003%of stellar systems within
10 kpc host such transmitters with an EIRP & 7.1 × 1017 W.
A major milestone for the Breakthrough Listen Initiative is to
survey up to 1 million stars over a continuous frequency range of
580-3500 MHz (νrel ∼ 1.4) with an EIRPmin ∼ 2 × 1013 W. As
shown in Fig. 7, the figure of merit of such a survey is significantly
better than anything else achieved to date. We note that the million-
source survey will need to perform an analysis not unrelated to the
approach presented here. In particular, for each MeerKAT pointing,
it will be important to identify multiple sources in the large field
of view of the individual 13-m antennas, selecting targets with
measured distances and minimal offsets from the antenna boresight.
4 CONCLUSIONS
We have defined an extended sample of stars observed by the recent
Breakthrough Listen campaigns (e.g. Enriquez et al. (2017) and
Price et al. (2020)). This has been made possible by using the Gaia
DR2 catalogue to extend the original Breakthrough Listen sample
by including stars with measured parallaxes, and inferred distances,
that happen to reside within the FWHM of the primary beam re-
sponse of the GBT and Parkes radio telescopes. This provides a
new and much larger stellar sample that increases the number of
nearby (d < 50 pc) stars by 211 and extends the total sample to
51349 stars. The extended sample is also significantly enlarged in
terms of stellar distances - the median stellar distance of the sample
is 1404.8 pc.
Adding a large number of stars whose only qualifying criteria
is that they lie within the FWHM of the telescope’s beam, and
have distances inferred fromGaia parallax measurements, serves to
introduce a good mix of stellar systems to the sample, with a much
broader range of spectral type.
Adopting the Continuous Waveform Transmitter Rate Figure
of Merit (CWTFM) first proposed by Enriquez et al. (2017), and
applying this to subsets of our extended sample, leads to figures
of merit that are a substantial improvement on any previous survey
analysis. More specifically, we conclude that fewer than ∼ 0.07%
of the stellar systems within 50 pc possess high duty cycle radio
transmitters with EIRP& 1013 W. At 100 and 200 pc, the incidence
is . 0.06% (for an EIRP & 6.5 × 1014 W) and . 0.04% (for an
EIRP& 2.5× 1015 W) respectively. These are by far the best limits
that have been achieved to date.
Future SETI surveys can generate much better limits on the
incidence of artificial radio transmitters of extraterrestrial origin by
including in their analysis the effect of observingmany other stars in
the telescope beam, in addition to any explicit singular target. In this
workwe leveraged theGaiaDR2 catalogue alone, but in future work
this approach could be augmented by stellar population synthesis to
ensure MilkyWay completeness. A further augmentation could add
extragalactic population studies to include numerous more distant
stars associated with other galaxies in the field of view.
The approachwe describe in this paper is very relevant in defin-
ing the million-source Breakthrough Listen sample of nearby stars
to be observed by MeerKAT. Since it is expected that MeerKAT
will observe other potential (stellar) targets in the field of view by
forming multiple phased-array pencil-beams on the sky, the com-
putational expense of this will limit the number of sources that
can be observed simultaneously (as compared to a single parabolic
telescope). It may be possible to restore the full field-of-view by
also adopting wide-field interferometric approaches in SETI sur-
veys (Garrett 2018), alongside beamforming.
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